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Abstract

As they are lighter and have higher thermal velocities than ions, electrons are
lost faster than ions on an open field line. The electric potential structure is
self-consistently induced in the edge plasma by breaking the charge neutral-
ity. In the edge plasma region where the L-H transition occurs, the radial
electric field, E,, affects ion losses and the E x B shear flow, which is neces-
sary for the suppression of turbulence. Understanding the radial electric field
is necessary to enable better control of the edge transport and to improve
the core plasma confinement. There exists a strong relationship between the
magnetic field and potential profile because particles move along the mag-
netic field line in magnetized plasma. The magnetic field affects the orbit
of particle; in other words, it affects particle transport, and therefore, influ-
ences the formation of the potential. If the magnetic topology is externally
changed, such as stochastic field, a responded electric field must be presented.
Therefore, the electric potential structure is a key issue for elucidating the
magnetic structure. Recently, in many fusion plasma experiment devices,
probes have been used to measure the potential profile or radial electric field
in the presence of a magnetic field. Through these experiments, the relation
between the magnetic and electric fields has been summarized. However,
theoretical and modeling works remain limited. Therefore, to better under-
stand the relationship between the magnetic field and self-consistent potential
structure, we need to develop a new theory and numerical code based on the
fully kinetic description.

In this work, we developed a numerical code based on the particle-in-cell
(PIC) method. The PIC model is a method where the fully kinetic model



description is used to model the electrical potential structure self-consistently.
Unlike the fluid model, PIC simulation can deal with drift explicitly. To
consider the effect of the magnetic field on the potential formation or the
radial electric field, a PIC with two spatial dimensions and three velocity
coordinates (2D3V) is necessary to account for the plasma behaviors. Instead
of directly writing the 2D3V PIC code, we begin our work by developing the
one spatial dimension and three velocity coordinates (1D3V) PIC code to
verify the scale and performance of our PIC code. The 2D3V PIC code is an
extension of the 1D3V code. Parallelization of the code is also included in
our work to investigate the entire edge region.

It has been suggested that the magnetic field can affect the flux to the
wall. The magnetic field changes the particle transport, which, in turn, in-
fluences the fluxes to the wall. Injecting current filaments can change the
magnetic structure of the system, which influences the particle flux to the
wall target. We applied our PIC model to study the effects of the external
magnetic field generated from the current filaments on the particle and heat
fluxes to the wall targets. In a one-dimensional consideration, where inject-
ing the current filament is unrealistic, the external magnetic field is added by
using the analytic function, which can produce the localized-reversed mag-
netic field, forming a magnetic mirror in the system. By performing the
simulation using the 1D3V PIC model, we found that this localized reversed
magnetic field traps the particles in the simulation domain and then reduces
the particle and heat fluxes to the wall targets. Further, the reduction of
fluxes originates from the particle reflection at the locations of the strongly
localized magnetic field. Based on the modeling results, external localized-
reversed magnetic fields can control the particle and heat fluxes to the wall
under a one-dimensional consideration. To understand the effects of the ex-
ternal localized magnetic field in a more qualitative manner, in other words,
the current filaments, we performed simulations using the 2D3V PIC model.
The localized plasma flow enters the simulation box at the source region and
is fully absorbed at the wall. We inject current filaments in the direction
perpendicular to the simulation plane to change the magnetic field structure.

A magnetic mirror is formed in between the current filaments. In comparison



with the case where the current filaments were not injected, we found that
the trapped electrons and ions in the magnetic mirror altered the particle
and heat transport. Therefore, the high particle and heat fluxes to the wall
are reduced and transferred along the wall. Consequently, injecting current
filaments is a good option for reducing the high heat flux to the material.
The mechanism of heat flux reduction arises from the reflection of particles
in the magnetic mirrors and the expansion caused by the diffuse magnetic
structure, regardless of the boundary condition at the wall. Each device has
a different condition for the wall, which may not be the floating potential
condition. These boundaries do not affect the tendency of flux reduction by
the current filaments. These results can be applied for shielding high energy
ion and electron fluxes to a divertor tokamak, satellites or spacecraft.

To study the relationship between the magnetic field and potential for-
mation in the edge plasma, we used the 2D3V PIC code to model a flow of
plasma consisting of ions and electrons on a boundary between closed and
opened field lines. We considered a small region inside and outside the last
closed flux surface (LCFS) to study the formation of the potential. The two
dimensional slab geometry, which is a transfer of the torus configuration,
was used in our work. For verifying the code and boundary conditions, two
dimensional magnetic fields, including poloidal and toroidal magnetic fields
were added initially. The magnetic field used in the slab geometry for mod-
eling the magnetic field in the torus geometry contained the curvature and
toroidal gradient. We found that the radial electric field has a tendency sim-
ilar to that of the experimental results and theoretical prediction, which is
negative and localized in the edge region and increases from the edge to the
scrape-off layer (SOL) region. On changing the particle temperatures, their
Larmor radii vary. Consequently, this is reflected in the change of the par-
ticle fluxes near the LCFS. The higher the temperature of the particles, the
deeper is the negative potential at the closed magnetic field line region. We
also determined that the asymmetry of the potential profiles depends on the
values of the inverse aspect ratio. Starting from the system with a symmet-
ric magnetic field, the potential structure becomes asymmetric for a larger

inverse aspect ratio. These results provide a better understanding regarding



potential formation by using the PIC simulation method, as compared with
other numerical models; this is the advantage of using the PIC model in com-
parison with fluid models. After verifying the code, the radial magnetic field
was added to prepare the magnetic islands in the simulation domain. In a
slab geometry, it is difficult to ensure that the magnetic islands are identical
to those in the torus. For simplicity, we added the current filaments into
the simulation system to form the islands. The magnetic islands affect the
potential formation through a change in the particle transport and resulting
particle fluxes in the simulation. The size and shape of the magnetic island
can be adjusted by the strength of the current filaments. The strengthened
current forms the magnetic island more clearly, causing significant changes
in the particle transport and fluxes near the islands. Therefore, the potential
structure is largely modified under these effects. Further more, additional
details regarding the stochastic boundary were studied, which means that
some separatrices were overlapped. By injecting some nearby current fila-
ments near the main island to create an overlap, we studied the effects of
the stochastic field on the potential formation. The particle transport near
these overlapped regions was changed. The particles were trapped in the
magnetic island. Their movements were altered along both the radial and
poloidal directions. The magnetic islands, finally, changed the potential in
two dimensions.

In summary, we developed a PIC simulation to study the self-consistent
formation of potential in edge plasmas. We applied the PIC simulation in a
study on the reduction in heat flux to the material. We developed methods
using the localized-reversed magnetic field or current filaments, which serves
as a good candidate to reduce the burden of high heat fluxes to the wall.
The relationship between potential formation and magnetic field is presented.
This is the initial prior work for the research on potential formation in edge
plasmas using PIC simulation. This is an important result that provides a
deeper understanding of the relationship between potential formation and

magnetic fields in edge plasmas.
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Chapter 1

Introduction

1.1 Overview

In an open magnetic field line, highly energetic particles leave the confined
plasma and collide with the surrounding wall. The impurities and neutrals
from the first wall may be extracted and enter the core region. This process
will reduce the performance of the fusion devices. The plasma core should
be separated from the first wall as far as possible for achieving high plasma
confinement. From the core to the first wall, the magnetic field line changes
from a closed field line to an open field line. This topological change makes
the physics properties of particle transport in the plasma edge complicated.

Usually, in the edge of the fusion plasma the magnetic field lines are
opened. If the fusion plasma on the closed magnetic field line directly touches
the first wall of the device, many impurities and neutrals from materials of the
first wall come into the fusion plasma. The radiative interaction between fu-
sion plasma and impurities cools down the temperature of the fusion plasma.
That means the fusion reaction rate is reduced. To avoid that, the mag-
netic field should be diverted from the first wall. Therefore, the physics in
the plasma edge is very complicated because the magnetic topology changes
from the closed field line to open field lines with a small spatial scale. To
understand the physics in the plasma edge, sophisticated experimental and

theoretical studies are necessary. In the magnetically confined fusion, high-
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energy ions and electrons are confined by the magnetic field because charged
particles move along the magnetic field lines with the gyro motion. The
magnetic configuration plays an important role in the particle transport.
The movement of the plasma flow may be affected if the magnetic structure

changes.

1.2 Magnetic field and particle transport in
the edge plasma

In the straight magnetic field line system, particle transport parallel to the
magnetic field is the dominant component, forcing the particles to hit the
surrounding wall. Once the magnetic structure changes, the trajectory of a
particle changes. The magnetic field can uniformly change in space, or form
magnetic islands and stochastic fields. One of the examples for a non-straight
magnetic field line in the tokamak is the resonant magnetic perturbations
(RMPs) which is generated by the perturbation coils. The RMP fields are
applied into the edge to stabilize plasmas with high energy confinement with
respect to edge-localized modes (ELMs) [I]. It has been demonstrated that
the RMPs have a close relation with the particle transport in the edge [2, 3]
4]. When the overlapping magnetic islands appear, particles move from one
stochastic region to another. This transaction affects the radial component
of the edge electric field, E,, [2 B, 6]. The sign of the radial magnetic field
may change in the presence of the stochastic field or the magnetic island
[7]. The stochastic magnetic field also has strong impact on the parallel and
perpendicular flow of particles [§]. Created by the stochastic magnetic field,
the perpendicular ion flux is more important than the parallel ion flow.
The transport of particles becomes different once the magnetic field is
altered. The particle orbit change associated with the change of magnetic
field leads to the change of particle flux in the edge region. The formation of
potential or the radial electric field in the edge also changes. The radial elec-
tric field plays an important role in understanding the edge plasma physics.

Because of unequal particle losses between electrons and ions in the open

14



field line due to unbalance of mass and thermal velocity, the radial electric
field is self-consistently induced in the edge region. The radial electric field
is related with the edge transport. In the presence of the radial electric field,
an ion is only trapped when the parallel velocity of the ion is sufficient large
to cancel the electric field drift. Therefore, the number of trapped ions is
reduced with the increase in the radial electric field [9]. The radial electric
field also affects the E x B shear flow [10, 11, 12]. Once E, is sufficiently
strong, the poloidal E x B flow acquires a large shear. This shear not only
is necessary for suppression of the edge turbulence by decorrelation but also
helps to reduce the losses of both energy and particles across the magnetic
field line. Understanding the radial electric field helps to generate a bet-
ter ideas for controlling the edge plasma transport and improving the core
plasma confinement.

Particle motion depends on the magnetic field configuration. The mag-
netic field affects particle transport, and changes the formation of the poten-
tial. If the topology of the magnetic field is externally changed, the potential
must be reflected. Therefore, the magnetic field has a strong relationship
with the potential formation or the radial electric field. Various studies have
been conducted on the relationship between the radial electric field (or po-
tential profile) and the stochastic magnetic field. In the experimental works,
emissive probes and heavy ion beam probes are mainly used to measure the
potential profile or radial electric field in the presence of the magnetic field.
In these experiments, the relation between the magnetic field and electric
field was summarized [I3] 14 15 [16]. The potential profile in the presence
of the stochastic field was measured in the Texas Experimental Tokamak
(TEXT) using heavy ion beam probes [I7]. In this work, the applied per-
turbing magnetic fields were produced by using the saddle coils of the ergodic
magnetic limiter (EML). The perturbing magnetic fields increased linearly
with increasing saddle coil current, producing magnetic islands. Both the ra-
dial electric field and potential profile were found to be increased at the edge.
By increasing the perturbing current, the region where the potential profile
was positive was expanded. In the Large Helical Device (LHD), Kamiya and

his group used the charge exchange recombination spectroscopy diagnostic to
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determine the radial electric shear [I4]. It was found that the region where
the radial electric field shear became strong corresponded to the stochastic
field. The losses of electrons in the ergodic layer for various magnetic config-
urations might be different because of the variation in the connection length
of the magnetic field. This difference leads to the positive potential profile
in the scrape-off layer (SOL) region.

Numerical simulation of the edge plasma is very important for under-
standing the physics behaviors in this region. In numerical studies, the fluid
and kinetic models are widely used for studying the edge plasma. Rozhan-
sky st al. used the fluid model to compute the radial electric field in the
presence of the RMPs in the MAST L-mode [18]. In their work, they tried
to add the electron radial current and considered the E x B drift to com-
pute the radial electric field E,.. Some studied used magnetohydrodynamics
(MHD) codes where the screening of the perturbed magnetic field might
take place [19, 20], 21]. However, the radial electric field in these codes was
not self-consistently computed [18]. Takizuka’s group developed the PARA-
SOL package, which used the kinetic model for studying the SOL region
[22, 23] 24, 25]. The PARASOL code is fundamentally a time-dependent
electrostatic particle-in-cell (PIC) code employing a binary collision model
[22]. In this code, they used the guiding center motion equations for the
electrons and the kinetic equations for the ions. The PARASOL is a good
model to reproduce the SOL flow precisely, but it does not consider the effect
of the radial electric field.

In the previous numerical works, the relationship between the potential
formation and the magnetic field in the edge plasma has not been clearly
proposed. Due to the code limitations, the transport model cannot include
the drift effects or deal with a small scale length. It is necessary to develop
a completely new numerical code for studying the self-consistent potential
formation in the edge plasma. In this new code, the electric field or the
potential structure must be self-consistently calculated. The relationship
between magnetic field and potential formation should be clearly proposed
in this new model. Drift and Larmor motion play important roles in driving

particle transport. Therefore, the effects of drifts and Larmor radius on
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particle motion can be easily shown using this new model.

1.3 Magnetic field and heat flux reduction

The magnetic field plays an importance role in plasma confinement and trans-
port. In spacecraft propulsion with plasma thruster and magnetic nozzle,
which constitute the converging-diverging magnetic field that guides and ac-
celerates plasma into vacuum, thrust is generated through transformation of
thermal energy in the plasma into kinetic energy [26, 27]. In fusion plasma,
the closed magnetic field lines help to shape and confine the plasma in the
desired region, while the open lines lead the particles to escape from the core
region [28, 29].

In those devices, the behavior of high energetic particles is one of the im-
portant topics for research. In satellites or spacecraft, the high energetic ions
may lead to a single event upset and single event latch-up in the space elec-
tronic system, which can cause software faults and damages the device [30].
High energy electrons can penetrate satellites and spacecraft, and accumu-
late a charge on the surfaces of the conductor. A higher rate of penetration
causes internal charging and discharging pulses, and finally damages the elec-
tronic systems or causes failure of various spacecraft components [30} 3], [32].
Therefore, high energy particles may damage material surfaces, or deposit
harmful charges into electronic components. Several methods have been pro-
posed for shielding the spacecraft and satellites from high energy particles,
such as active shielding, a chaotic magnetic field, or multi-layer shielding
[33].

Reduction of the high energy particles reaching the wall is also a critical
issue in fusion engineering. Particles move along the magnetic fields in the
divertor leg to hit the divertor plates, and then, particle fluxes are localized
on a small region in the divertor targets [34]. These high heat fluxes damage
the material of the divertor plates. The question is how to reduce these high
heat fluxes to minimize the damage as much as possible [35, B6]. In recent

studies, various approaches have been proposed, such as the radiating diver-
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tor and RMPs. They have been proposed for reducing the heat flux to the
divertor [37, [38]. These methods are powerful techniques to reduce the high
energy fluxes to the material; however, they still have some remaining limi-
tations related with technical challenges or physical issues [33], [39} [38]. Some
experimental results found that RMPs can be effective to suppress or miti-
gate the edge-localized models (ELMs) in the tokamak and control the edge
plasma transport [40, 41l 42]. The idea comes from the effects of the mag-
netic field on the transport of particles. The magnetic field affects the change
in particle transport which, therefore, changes the potential structure in the
SOL region, and then influences the fluxes to the divertor. The Experimental
Advanced Superconducting Tokamak (EAST) has proposed the possibility of
injecting current filaments, which can change the magnetic field, and then
can reduce the particle and heat fluxes to the divertor [43,[44]. Starting from
the idea of high heat flux reduction in fusion plasma, we aimed to find a
solution that can be applied for shielding spacecraft and satellite from high

energy particles.

1.4 Objective

Based on these main necessary conditions, we aim to develop a completely
new numerical PIC code, which uses fully kinetic description. The PIC sim-
ulation can solve the electrical potential structure self-consistently under a
given magnetic field and initial and boundary conditions, and can deal with
drift explicitly in comparison with the fluid model. PIC simulation is a useful
and powerful tool for the numerical study of plasma physics. Many numerical
studies have used PIC simulation for research on fusion [22, 45] and space
[46, 47, [48]. We developed a PIC code to study the control of high energy
flux to the wall. We propose a solution for high heat flux reduction which can
be applied in satellite, spacecraft, and fusion studies using current filaments.
This PIC code can also be used to study the self-consistent potential forma-
tion in the edge plasma. We study the relationship between the magnetic

field and potential formation in the edge plasma. The effects of drifts and
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Larmor motion on particle transport are considered in our work. Our PIC
simulation code can solve all the requirements presented in previous sections.
In this our work, the self-consistent potential, drifts, and Larmor motions are
included. These considerations distinguish our work from previous studies
on the edge plasma. Our research does not use any experimental data or
parameters of any real devices, but is a fundamental research using PIC sim-
ulation to understand the plasma physics in the edge plasma. It provides a

basic explanation for the study of a complex phenomenon.

1.5 Outline

In our work, we develop a numerical code based on the PIC method. The
PIC model is a method that uses a fully kinetic model description to solve the
electrical potential structure self-consistently. Our work focuses on studying
the formation of potential in the poloidal cross section of the edge region,
where the radial and poloidal transports are mainly discussed. To this end,
a PIC with two spatial dimensions and three velocity coordinates (2D3V) is
necessary. The two spacial dimensions correspond to the radial and poloidal
directions. All three components of velocity are included to compute the
particle orbit exactly and satisfy energy conservation accurately. This 2D3V
PIC code is a verification for studying the effects of the three dimensional
magnetic field (radial, poloidal, and toroidal magnetic field) on potential
formation. Because the boundary conditions and purposes are different, our
code is a completely new developed PIC code, which is not based on any
present codes. Therefore, to develop a 2D3V PIC code that can precisely
simulate the edge region, we started by programming the one dimension
and three velocity coordinates (1D3V) PIC code. Then, the 2D3V code was
extended based on the 1D model. The reason why the 2D3V code was not
directly developed was that we wanted to ensure that the code ran correctly.
Therefore, the step-by-step development was an easier way for verifying the
performance of the code. PIC simulation is a powerful tool for simulation,

but because it solves the simulation domain in a very small time step and
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space grid scale, PIC requires huge computer memories and consumes a large
amount of time for running. To improve these points, code parallelization
was applied to optimize the code for application in the study of the entire
edge plasma region. The details of how PIC simulation works is provided in
Chapter 2 The basic equations that have been used in the simulation are
mentioned in this chapter.

The story of our code development is presented in the last chapters.

At the beginning, as mentioned before, we started by developing the
1D3V PIC code. Here, we applied our 1D3V code in studying the control of
particle and heat fluxes to the target using the external magnetic field. This
part is presented in Chapter [3] The localized-reversed external magnetic
field is added, forming the strong magnetic mirrors. The magnetic mirrors
trap the particles in the simulation domain. The particle flux to the target,
subsequently, is reduced by using the external field.

From the 1D3V code, an expansion to a 2D code is proposed in Chap-
ter[dl The control of particle and heat fluxes is still discussed in this chapter.
For the two dimensional consideration, current filaments are injected in the
simulation domain instead of using a reversed-localized external magnetic
field, as in the one dimensional view. The details of how current filaments
reduce the high heat fluxes to the target are presented in this chapter.

Having the 2D3V PIC code, parallelization and verification of the code
are added to study the edge region. In the edge region, the magnetic field
has radial, poloidal and, toroidal components. Once the radial magnetic
field is assumed to be zero, only the poloidal and toroidal magnetic fields are
considered (2D magnetic field). The parallel transport becomes the dominant
in the system. Perpendicular or radial transport might occur in the presence
of drift effects or collisions. We studied how the 2D magnetic field affects
the particle transport and potential formation, as presented in Chapter [5 In
this Chapter, the effects of grad-B drift and Larmor radius on the formation
of potential is discussed.

Adding radial components to the magnetic field, the magnetic island is
realized in the simulation region. In this simulation, the three components

of the magnetic field were taken into account (3D magnetic field). Chapter @
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shows how to form the magnetic island in the simulation. The relationship
between magnetic island or stochastic field and formation of potential is
proposed in this chapter.

The discussion and conclusions are presented in Chapter [7}
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Chapter 2

Method

2.1 Outline of particle-in-cell (PIC)

Particle-in-cell (PIC) simulation is a model developed based on the idea of
chasing the motion of each individual charged particle to simulate the behav-
ior of plasma [49, 50]. Because the number of particles in the real plasma is
extremely large, it is impossible to store all the information of the real parti-

cles in any computer memory. PIC uses the concept of super-particle which

Integration of
equations of motion
F —-v; - x;

Particle loss/gain at the

Interé)};lang;l o_)fi}je tds @ boundaries (periodic,
7k ! bounded, etc.)

Integration of field
equations on grid
Pik = P = Eji

Charge accumulation
X; 2Pk

Figure 2.1: Schematic diagram of particle-in-cell (PIC) Simulation
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is a group of single particles, to reduce the memory size of the computer.
The number of simulated particles is reduced while the statistical properties
of the plasma are still satisfied. The PIC model also proposes the concept of
a spacial grid on which the fields are calculated. The spatial grid is usually
sufficiently small to resolve a Debye length in order to measure the charge
density and calculate the electric field precisely. The PIC simulation tracks
the trajectory of the simulated particles by solving a collection of differential
equations. The process of the simulation in each time step At is shown in
Figure 2.1l The PIC cycle starts by assigning the initial values of positions
and velocities for the particles. The loss or gain of the particles is estimated
based on the boundary conditions of the system. Next, the charge density
on the grid is calculated using the weighting method to link the particle
position with the nearest grid points (NGPs). Once the charge density is
accumulated, the electric field and potential profile are obtained by solving
the Poisson’s equation. The fields are interpolated from the grids to the par-
ticles to compute the force acting on each particle, and then the velocity and
position of particle are updated to move to the new position with the new
velocity.

The basic equations for the dynamics of the plasma used in PIC simula-
tion consist of two main groups of equations. These are the motion and field

equations. The equations of motion to be used separately for each particle

are d
X
— = 2.1
7=V (2.1)
and q
md—‘t’ — ¢(E+v x B), (2.2)

where x, v, ¢, and m are the position, velocity, charge and mass of the
particle, respectively. E and B represent the electric and the magnetic fields,

respectively. The field equations are given as

E=-V¢ (2.3)
and
v.-E=2L
€0



which are combined to obtain Poisson’s equation

Vip=-L, (2.5)

€o
where ¢ and p are the electric potential and charge density, respectively.

In the code, all of the parameters are normalized as follows:

me (2.6)

1/2 1/2
eokT . / noe? / eB
where Apey = 5 , Wped = , Weep = —, and v, are the
nop€ €oTMe me

Debye length, plasma frequency, cyclotron frequency, and thermal velocity,
respectively. e, m., and ng are the electric charge, mass, and density of
electrons, respectively.

In this work, the electrostatic PIC code is studied, in which the electric
field is self-consistently solved and the magnetic field is constant in time. The
positions and velocities of the particles may take all the values in the x and v
space. The field quantities will be obtained on the spacial grids, known only
at the discrete points in the space labeled with index j and &, such as E; ;.
Ngz and Ngy are the number of grids, and L, and L, are the system length
in the x and y directions, respectively. The name of the particles is given by
the index i. The indexes j and k are the grid points, and Az = L, /Ngz and
Ay = L,/ Ngy are the spacial grid sizes in the x and y directions, respectively.
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2.2 Integration of equations of motion

The motion equations can be replaced by the finite-difference equations [49]

Vinew — Vold

Snew — Told g 2.7
AL . 27)
Xnew — Xold
— = Vnew; 2.8

where F is the Lorentz force given as F = ¢(E + v x B). The flow in time
and notation is shown in Figure 2.2 in which the time-centering technique
is displayed. First, the center-difference for the Newton equations of motion
can be re-written as

t+ At/2) — v(t — At/2 t+ At/2) — v(t — At/2
V(i + ALf2) — v( /):q<E+V(+ /2) = v( /2) .,

B
At 2

(2.9)

The simulation will advance v(t — At/2) to v(t + At/2) and x(t) to
x(t + At). This leap-frog scheme showing time-centering of position and
velocity is illustrated in Figure 2.2 The leap-frog method is used in PIC

simulation because it is simple to develop and quite accurate when dealing

with a large number of of particles. The explicit Boris rotation is a good
candidate to solve these different equations [51]. Boris [49] separated the

forces from the electric and magnetic fields completely, by substituting

vt —At/2) =v — ¢E(t) At
o AQt’ (2.10)
v(t+ At/2) = v+ + QT()?.

into Eq. The E term is canceled, yielding

vt — v~ q _
Tt:%( +—|—V)XB, (211)

which is a rotation of v~ to v by the angle of rotation 6 where

0
tan —
2

gB At w At

B

and w, = 22 is the cyclotron frequency. Equation [2.11| produces a rotation
m

through the angle 0, which has less than 1% error for w.At < 0.35. When

25



velocity
Vold Vnew
position V_‘_\/w
time
Xold new
Folq Frew
At ’ at £+ At
t—— t t+—
2 2

Figure 2.2: Leap-frog method to update positions and velocities

the directions of B and v~ are arbitrary, the v can be incremented by the

geometry projection on the perpendicular to B, given as

/ — —
vV =V +Vv Xt

) (2.13)
vi=v +v x S,
BAt 2t
where t = 2 and s = T respectively. After accelerating the veloc-
m
ity, the particle position can be updated as
t+ At) —x(t

XUAAD) =X _ 1 A, (2.14)

At

2.3 Particle and force weighting

The charge density on the discrete grid points from the continuous particle
positions can be computed using the weighting method. The same weighting
is used for both density and force calculations to avoid a self-force [49]. In

the two-dimension system, the area weighting method has been used owing
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to its geometric interpretation, as shown in Fig. [2.3] The weighting function

W, (where m = 1,2, 3,4) is the area of each particular region, defined as

(Az — (z: = X5))(Ay = (y: — Y3))

W= AzrAy ’
2 AxAy ’ (2.15)
. = (B — (@i — X5))(ys — Vi) '
s AzAy ’
w, = @i = X5)(yi — Yi)
: AzAy ’

where X; = jAz and Y, = kAy. z; and y; denote the position of the particle
in the x and y directions, respectively. The charge density p at the NGPs,

thereafter, is computed as

Pik = PeeiW1,
Pj+1k = pcellW )
ok ’ (2.16)
Pik+1 = Peett W3,
Pj+1k+1 = PeeitWa,
where peey = . is the charge density in a cell, in which the volume of

cell
a cell is defined as V.. The field weighting operates in the same manner.
The force acting on each particle coming from the field at the NGPs can
be computed as in the charge accumulation. For a particle at (x;,y;), the

electric field is given as

E([Ei, yz) = Ej,kwl + Ej+1,kW2 + Ej7k+1W3 + Ej+1’k+1W4. (217)

2.4 Integration of field equations on grid and

boundary conditions

Once the charge density p is known at all of the grid-points, the electric
potential ¢ can be obtained by solving the Poisson’s equation (Eq. [2.22)).

However, the boundary conditions are necessary for solving the Poisson’s

27



Gnd point
PP !

Wz W1 /PaﬂCli
(xi,¥i)
W, Wi
k
A
j x j+1

Figure 2.3: Area weighting method

equation. In a bounded (non-periodic) system, the charge accumulated on
the grid point at the boundary is only half of the charge accumulated at the
grid point that is not at the boundary if the physical charge density is the
same at these two points [49, 52]. o, and oy are the surface charge densities
at the left-hand side and the right-hand side boundaries, respectively, which

are given as

o1 = €0E<O),

2.18
or = —¢cE(L). (218)

According to the Gauss’s law, the electric field at the boundary becomes

E(L) - E(0) = % /0 p(r)dr, (2.19)
in which .
/ p(r)dr + op, + or = 0. (2.20)

The total charge of the system including the boundaries is zero. Using the

idea of conservation of total electrostatic energy in the system in any choice
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of the reference potential, the Poisson’s equation at the boundary is

b0 = 1 :l(aL—F@Ar),

Ar €0 2
2.21
ON — PN-1 _ l <0 n p—NAr> ( )
Ar o\ T ’

where N is the number of grids in the r direction.
The potential in the simulation except at the boundaries can be computed

by the Poisson’s equation, which is written in finite-difference form as

Gj—1k = 20k + Gjrrk | Pin—1 — 20k + Pjkv1 _ Pik

= 2.22
Ax? + Ay? €0 ( )
Multiplying Eq. with Ax?, we obtained
) ) Ax?
Piprp + Pjrg —2(1+ B7)Pjx + BH(Pjpr1 + Pjg1) = — Pik (2.23)
0
where § = A_x Equation [2.22|is written in the matrix form as
Y
(D I 17 @0 | [ do |
I D I ;1 dja
= f , (2.24)
B I D_ _q)j,Ngy—l_ _dj,Ngy—l_
where I is the identity matrix, and the matrix D is given as
201+ B C
32 —2(1+p%) p*
D= ) (2.25)
A B =2(1+p%)]
The matrix in the right-hand side of Eq. is
Ax? Ax?
dixp =——pir, and dingy-1=—""—pPiNoy-1— PNoz,
j.k o Pj.k 5,Ngy—1 0 Pj,Ngy—1 Ng (2.26)

Vie @ 7=12,...,Ngx—1; and k=0,1,... Ngy— 1.
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Equation is solved using successive-over relaxation (SOR) method. The
residual Res(j, k) at the node (7, k) is defined as

Diprn+ i1 — 21+ B2 Qsp + B2(Pj g1 + Pja—1) + Agf Pjk
2(1+p5?) '

ResTy, =
(2.27)

The value of the residual at the m' iteration, denoted by Res(y, is the

correction which is added to @, to make ®,; near to the correct value as
T = ) + wResT. (2.28)

The parameter w, which is the relaxation factor and lies between 1 and 2,
helps to improve the rate of convergence. Once the Res7} tends to zero, the
values of potential is achieved.

The electric field E is obtained from the electric potential ¢ as

By =2 _1’2;55””“, (2.29)

and a similar differential equation for £,,.

2.5 Parallel particle-in-cell (PIC)

To study the whole edge region, parallel programming is necessary for reduc-
ing the computation time and memory size of the computer. The two main
strategies often applied for parallel computing are particle decomposition
and domain decomposition. Particle decomposition distributes the particles
among the processes while assigning the entire domain for each process. Do-
main decomposition divides the simulation box into smaller regions, which
will be assigned for each process. For a large system length, as that in this
study, domain decomposition is a better choice for parallel computing. In
this work, the domain is divided into equally small regions. Communica-
tion between each process for pushing the particle into a different domain
is required. The Poisson’s equation is solved in each small domain, and the
time consumed for the field solver is shorter when using a large number of

processes. Figure shows the dependence of computation time for solving
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Figure 2.4: Computation time for solving Poisson’s equation using successive-

over relaxation (SOR) method with different number of processes.

Poisson’s equation using the SOR method by using different number of pro-
cesses for 1024 x 1024 and 2048 x 2048 grids. The computation time reduces
when using a higher number of processes while using the same residual value

for tolerance R,., = 1.0 x 1077.
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Chapter 3

Controlling the particle and
heat flux to the wall by

external magnetic field

3.1 Introduction

High heat flux reduction is one of the critical issues in the study of plasma
physics and space discovery. It has been suggested that the magnetic field
can affect the transport of particles, and then control the particle flux to
the wall. The current filament is injected in the EAST tokamak devices.
There is a possibility of heat flux reduction by using the current filament.
High energy particles are also a big issue in satellites and spacecraft. We
aimed to study a method to shield the satellites and spacecraft from high
high energetic particles based on the idea of heat flux reduction in fusion
plasma.

We propose a new solution to control the particle flux by using the exter-
nal magnetic field. In one-dimensional consideration, the external magnetic
fields is added in the y direction, which is perpendicular to the plasma flow,
by using an analytic function. This analytic function creates the localized-
reversed magnetic field that can produce the magnetic mirrors in the system.

The direction of the external magnetic field is switched at the strongest mag-
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netic field locations. The plasma enters from the left side (i.e., the source
region) and is absorbed at the right side (i.e., the conductor wall) of the simu-
lation. This chapter shows how the localized-reversed magnetic field changes

the particle and heat fluxes using the 1D3V PIC simulation model.

3.2 Simulation model

We study a small simple region, as in linear devices. The plasma comes from
the upstream region and is fully absorbed at the downstream region [53| [54].
The electrostatic PIC is used in this simulation in which the magnetic field
is constant in time and the electric field is self-consistently computed. The
simulation length was set to be L, = 0.1 m from the source to the conductor
wall. x = 0 is defined as the source region where plasma is injected into
the simulation domain, and x = L, is the conductor wall where particles are
absorbed. We consider only ions and electrons. No neutral particle has been
taken into account. This work does not include any collision process between
particles. The background magnetic field B is in the z (i.e., the direction
toward the wall) and z (i.e., the direction is perpendicular to the plasma flow
and the wall) directions. The magnetic field in these directions, B, and B,,
is assumed to be constant in time and space.

The system begins free of plasma. There is no particle in the system
at the initial stage. Particles are injected during each time step At of the
simulation around xz = 0. Being lighter and having higher thermal velocity
than the ions, electrons move faster than ions. To satisfy the charge neutrality
at the source boundary, we assumed that the particle density at x = 0 is
always constant in time. The electron density is set to be equal to the
ion density in this boundary. The velocities of injected ions and electrons
follow the Maxwellian distribution function, which satisfies v > 0. We
perform the simulation using the following parameters: ion-electron mass
ratio m;/m, = 1836, electron source temperature Ty = 100eV, ion source
temperature T}y = 50 eV, the magnetic field B, = 0.2 T, and small magnetic
field B, = 0.02T. On the right boundary at x = L, m, the wall is assumed to
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Figure 3.1: a) Analytic function of external magnetic field in y direction
and b) absolute value of total magnetic field after adding the external mag-
netic field in the system. The direction of B, is opposite at four “imaginary
points.” By inputting new magnetic fields, four strong magnetic mirrors are

formed in the simulation domain.

satisfy the floating potential condition in which particles are fully absorbed.
The time step width and the number of cells are set as At = 107125 N,y =
5760, respectively. These parameters are selected to satisfy the stability
conditions of the PIC simulation [50]. In the experiments, the localized-
reversed magnetic fields can be generated by injecting current filaments to
the devices. The magnitude and direction of the magnetic field produced by
a current filament are computed based on the Biot—Savart law. Its values are
inversely proportional to the distance to the filaments. In the 1D3V code,

the injected current filaments are not realistic. To add a similar profile as
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the magnetic fields produced by the current filaments, we use the analytic

function, as follows:

I 2x107*
Byi(w) = ——=———, (3.1)
B, .(x) min(Byg,(x),1)  for z—x; >0, (3.2)
\r) = .
v max(Byo(x),—1) for z—uz; <0,

4

By(z) = Z By(), (3.3)
i=1

where z; = 0.02, 0.04, 0.06, and 0.08 m. The maximum and minimum func-
tions are added in each location to avoid a singularity of the curve near these
locations. The external magnetic field B, is displayed in Fig. a). The
magnetic fields B, and B, are not changed in this simulation. The magnetic
field B, is small along the simulation domain except for the locations near
2, 4, 6, and 8cm to the wall, where the amplitudes of the magnetic fields
are extremely strong. At these four locations, the direction of B, is oppo-
site, changing the direction from strong negative direction to strong positive
direction. These points can be defined as “imaginary points” for injecting
current filaments. Using the above analytic function, four strong localized
magnetic fields are created in the simulation domain, as shown in Fig. [3.1
b). This simulation examined how the localized-reversed magnetic fields af-
fect the particle and heat fluxes to the wall. The simulation follows the PIC
steps presented in Chapter [2| and stops when the simulation system reaches
an equilibrium stage. Starting from ¢ = 0s, where there is no plasma in the
simulation, the total number of particles and kinetic energy increase drasti-
cally with time owing to the particle injection and remain stable when the
system reaches the equilibrium stage. At the equilibrium stage, all of the
field quantities remain stable. At this stage, the number of simulated parti-
cles defined by a set of 10'° real particles in the simulation is approximately
~ 3 x 10° particles for each species. The particle density near the source re-
gion is approximately equal to 1078 m~3. The value of density in the source
affects the amount of fluxes entering the simulation domain, but does not

influence the impact of the external magnetic field in heat flux reduction.
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3.3 Simulation results

Figure illustrates the comparison of potential profile, electron density,
and ion density with and without adding the external magnetic field. The
potential profile is obtained from Poisson’s equation (Eq. . The electron

and ion densities are computed as follows:

nS:/ dvx/ dvy/ dv, fs(x,v,1), (3.4)

where f, is the velocity distribution function of the particle species s in the
(x,y, z) directions. In numerical studies, the particle density of species s in
the cell j (at location X;) is the sum of the weighting function S over all

N, simulated particles of species s in that cell :

Mo = Y S(Xj = X4 (3.5)
i=1

The same weighting (first-order weighting) function S is used in densities,
fluxes, and force calculations; x; is the position of the i*" particle of species
s in the cell. For simplicity, the potential at = 0 is assumed to be equal to
zero (g = 0). As shown in Fig. a), the potential decreases slightly after
x > 0 and drops quickly near the wall where the sheath has been formed.
In front of the wall (at x = 0.1m), the sheath potential is self-consistently
formed to protect the losses of particles to the conductor wall. Because of the
sheath potential effects, electron and ion densities decrease from the source
(left) to the wall (right) of the simulation domain, as shown in Figs.
b) and c). In comparison with the case without changing a magnetic field,
adding an external magnetic field reduces the number of particles that reach
the wall by pushing particles (i.e., ions, electrons) back to the source region.
Using the analytic magnetic field function for B, as shown in Fig. , four
strong magnetic mirrors appear in the system. When particles tend to be
closed to the mirrors, their orbits change. Ions and electrons, which have
high perpendicular velocity v, are trapped in the mirror. Meanwhile, only
particles that have high parallel velocity can escape the magnetic mirror

to reach the wall. Because of these strong magnetic mirrors, particles are

36



0 —— — a)
_50 -
=
-100 4
S — Change B
-150 4 — W/O.
ﬁIT' 1.00 A b)
E 0.75
2
= 0501
—
—  0.25
- \_m
S 0.00
|
o 1.00 C
, )
E 0.75 -
2
o, 050
= 0251
—_ \
g \_—’;,;
0.00 1+, ! ; ; : =
0.00 0.02 0.04 0.06 0.08 0.10

X [m]

Figure 3.2: Comparison with and without changing the magnetic field of a)
potential profile, b) electron densities, and c) and ion densities measured at
the equilibrium stage. The red and green lines represent the profiles resulting
with and without adding the external magnetic field, respectively. Sheath
potential has been formed in front of the target. More ions and electrons are
located near the source. The change in magnetic field reduces the number of

particles reaching the wall.
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mostly trapped in the left-side of magnetic mirror locations. The particle
densities have similar profiles as a step downward function. Consequently,
fewer particles reach the wall in comparison with the case in which no external
magnetic field is added. Further, because of the localized magnetic field,
there is a small gain of particles just before the four “imaginary points” in
the changing magnetic field profile. Because the potential changes slightly
along the simulation region, the parallel electrostatic force is small. Then,
the external magnetic field is the key reason causing the reduction in the
particle density profile. Localized-reversed magnetic fields affect the particle
orbit and distribution, which, subsequently, change the particle and heat
fluxes to the wall.

In this study, the important quantities that need to be considered are
particle and heat fluxes along the simulation region. The one-dimensional

particle flux I'y , and heat flux @, are defined as:

FS@:/ de/ dvy/ dv, v, fs(x,v, 1), (3.6)

Qur = / o, / v, / Ao (02 02 D, v,0), (3)

where m, is the mass of the particle species s. In numerical calculations,

these fluxes at each cell are computed as:

Ns
Fs,x,j = Z UxJ'S(Xj — Xs,i)a (38)
i=1
N m
Quag = 7”5(@;i + 02+ 02 )0 S (X — Xs). (3.9)

i=1
Figure |3.3| shows the electron and ion fluxes at the equilibrium stage. Elec-
tron and ion densities become smaller near the wall, and then their fluxes
decrease from the source to the wall region. Both the electron and ion fluxes
along the simulation domain are reduced by adding the external magnetic
field. In the presence of the four strong magnetic mirrors added in our sim-
ulation, electron and ion fluxes along the simulated zone decrease strongly

(= 77.6% for electron flux and ~ 74.9% for ion flux). When particles move
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Figure 3.3: Comparison of one-dimensional a) electron flux I'., and b) ion
flux T'; , in the case with (red line) and without (green line) changing the
magnetic field. Both electron and ion fluxes are reduced by changing the

magnetic field.
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close to the high negative values B, region from the left, some of them are
trapped, and then are forced to reflect back to the source region. Therefore,
the particle flux at the left side of the “imaginary points” has lower value
than that at other places. Similarly, when the particles are reflecting back
to the source, they are trapped at the right side of the “imaginary points,”
where B, has the highest positive values. The particle flux at this location is
greater than that at other regions. This tendency results in large differences
of the fluxes near the four locally reversed magnetic field locations. From
the density figures, it is obvious that most of the particles are located near
the source region. The closer to the source region the “imaginary points”
are, the larger the gaps of the flux between the left and the right of these
points. Because they are lighter and have smaller Larmor radius and higher
thermal velocities than ions, electrons are more mobile than ions. The elec-
tron density that is just at the left side of these four points is higher than
the ion density (Figs. b) and c¢)). Consequently, the gaps of electron
flux in these four points are more obvious than that of ions. The change in
magnetic field also reduces the electron and ion heat fluxes along the simu-
lation domain by approximately 79.9% and 73.4%, respectively, as displayed
in Fig. Ions are accelerated to hit the wall while electrons are pushed
back to the source region owing to the sheath potential effect. Therefore,
more ions are located near the wall than electrons. This transaction results
in a reduction in electron heat flux and an increase in ion heat flux. The gain
in ion heat flux is nearly equal to the loss in electron heat flux at this loca-
tion. Similar to the particle flux, electron and ion heat fluxes also have large
disparities at the left and right of the “imaginary points” and are clearer for
the electron figure. The localized-reversed magnetic field reduces both the
electron and ion fluxes to the wall. As a result, it reduces the total particle
flux and heat flux to the wall. Figure shows a comparison of particle and
heat fluxes with and without the changing magnetic field. Except for the
small region near the four “imaginary points”, the total particle and heat
fluxes reduced by approximately 76.2% and 78.9%, respectively. Figure |3.6
displays the electron, ion, and total particle flux using different values for

generating external magnetic field. A stronger magnetic field increases the

40



| |
T 150001

w
' 10000 a)
=, 5000 -

m‘
% 0.

=
~ 10000 - b

| — )
D 00 Change B

I — w/0.

g 5000 -
—
e

"~ 2500 -
S N

0 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
X [m]

Figure 3.4: Comparison of one-dimensional a) electron heat flux and b) ion
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magnetic field. By adding the external magnetic field, both electron and ion

heat fluxes are reduced.
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flux in the case with (red line) and without (green line) changing the magnetic
field. The external magnetic field reduces the particle and heat flux to the

wall.
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magnetic mirror effects, and then, can trap a greater amount of particles
within the mirrors, thus lowering the number of particle reaching the target.
Consequently, the reduction in the particle flux is related to the strength of

the external magnetic field.

3.4 Summary and discussion

The study of the effects of a magnetic field on particle and heat fluxes is
presented in this chapter. We model a simple system assuming that particles
enter from the source and are fully absorbed at the conductor wall. The ana-
lytic magnetic function, which can create localized-reversed magnetic fields in
the y direction, is considered. The magnetic fields B, and B, are unchanged.
This modification creates strong magnetic mirror fields and switches the di-
rection of magnetic field B, at some particular locations. This magnetic field
profile is similar to the magnetic field profile generated by injecting current
filaments in the performed experiments. Based on the modeling results, it
can be concluded that the external magnetic field affects the electron and ion
densities. By changing the magnetic field, the number of particles reaching
the wall is reduced. Therefore, the application of an external magnetic field
can control the particle and heat fluxes to the wall. The reason for heat flux
reduction is the effect of the magnetic mirrors generated by inputting the
analytic magnetic function. Particles are trapped in the simulation by the
magnetic mirror effects rather than moving toward the wall. This idea can
apply to the shield of high energy ion and electron fluxes for satellites or
spacecraft in the space.

In one-dimensional consideration, an external locally reversed magnetic
field is a good candidate for controlling the particle and heat fluxes to the
wall. This work can be extended to two dimensional spaces including parallel
and perpendicular directions of the wall. Then, the 2D3V PIC code is used
to study how the change in magnetic field affects the particle and heat fluxes
in both x and y directions. How the particle and heat fluxes distribute along

the conductor surface with the external localized magnetic field in the 2D3V
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PIC simulation will be discussed in the next chapter.
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Chapter 4

Controlling particle and heat

flux to wall by current filaments

4.1 Introduction

In the previous chapter, we found that the external localized-reversed mag-
netic fields can control the particle and heat fluxes to the target in a one-
dimensional consideration. Magnetic mirrors were created, and trapped par-
ticles in the simulation domain; the number of particles reaching the target
was reduced. We aim for studying how the particle flux profiles are affected
by the external magnetic field in two dimensional consideration. This ex-
ternal magnetic field profile is added by injecting current filaments into the
simulation domain. The 1D3V PIC code is extended into a 2D3V PIC code
to consider two spatial dimensions. Apart from the direction parallel to the
plasma flow, we consider another direction along the target, that is, the direc-
tion perpendicular to the original plasma flow. The injected current filaments
have a direction perpendicular to the simulation plane. The localized plasma
flow enters the simulation domain from the source region and the particles
are fully absorbed at the end target. This chapter discusses how the current
filament injection technique affects the particle and heat fluxes to the wall

in two dimensional views, using the PIC simulation.
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Figure 4.1: Simulation box. The plasma is bounded by vacuum. Particles
are injected from the left boundary at x = 0 and are fully absorbed at the
right boundary where z = L,.

4.2 Simulation model

In this chapter, particle positions and field quantities are considered in two
dimensional z and y spaces with three components of velocity (vy,v,,v,)
(2D3V). In this small and simple simulation region, the plasma enters from
the left boundary at x = 0, and is fully absorbed at the right boundary
xr = L,. The simulation domain has the size L, = 0.03m from the source
to the conductor wall, and L, = 0.03m in the y direction. We assume that
the plasma mainly flows in the middle region of the simulation box, and
the particles can not penetrate further to the two end boundaries in the y

direction. In other words, the lower and upper boundaries are considered as a
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vacuum, as shown in Fig. [4.1] If a particle can move out of the simulation box

from the upper or lower boundaries at time ¢, it will be reflected back into the

simulation domain, given as y, /' = 2L,—y; forys > L, ory, = _y, fory, <
0 and o' = —o¥. In this simulation, as that in the previous Chapter, only

ions and electrons are included. No collision process or secondary emission
is taken into account.

At the initial stage, the simulation is assumed to be empty. There is no
plasma inside the system. Particles are injected during each time step in the
simulation, around x = 0. In this 2D simulation, we test with the condition
that the electron and ion fluxes at x = 0 are equal to each other, and are con-
stant with time. In the y direction, these fluxes have a Gaussian distribution
profile to generate the localized fluxes toward the target. The velocities of
the injected particles follow a fully Maxwellian distribution function, which
satisfies the condition that the parallel velocity v > 0. As in the previous
Chapter, the following parameters are used in the simulation: ion—electron
mass ratio m;/m. = 1836, electron source temperature T,y = 100eV, ion
source temperature T}y = 50eV, density ng = 10 m—3, background mag-
netic field B, = 0.2T, and B, = 0.02'T. No magnetic field in the y direction
is given.

The system is started by setting the time step size At = 0.02wpe and
the number of cells N.; = 300 in each direction. In the two upper and
lower boundaries, the electric field is assumed to be equal to zero. The
current filaments are injected into the system in the z direction, which is
perpendicular to the system plane. We test the simulation in two cases: in
Case 1 the current filaments have the same outward direction, whereas in
Case 2 they have the opposite direction. The locations and directions of
these filaments are depicted in Fig. [£.2] In both cases, all the filaments
have the same current strength. The Biot-Savart law is used to compute
the magnitude and direction of the magnetic field generated by a current
filament given as follows:
pol ol
2 2m /(@ — ) + (Y — yra)?
where jio = 47 x 1077 Tm/A is the permeability of the free space, I = 1kA is

(4.1)
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Figure 4.2: Magnetic field generated by injecting current filaments: a) the
same direction of filaments (Case 1), b) opposite direction of filaments (Case
2).
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the current intensity, and zs; and yy; are the locations of the filaments in x
and y directions, respectively. To avoid a singularity of the magnetic field, at
the location of these injecting locations, the strength of the magnetic field is
cut down to |B| = 1T. Injecting the current filaments changes the directions
of magnetic fields in the system. From the straight magnetic field line parallel
with the target, the current filaments change the magnetic structure in the
simulation box as shown in Fig.[£.3] The magnetic structure in the simulation
domain is different in these two cases. In the case of the same direction
of current filaments, the magnetic field is bending in the same direction
around the injecting locations toward the target. When opposite direction of
current filaments is used, as in Case 2, the magnetic fields above and below
y = L, /2 are different. The opposite tendency of the magnetic field line in
these two cases leads to different behavior of plasma flow, which is caused
by the injection of current filaments. Staring from ¢ = 0s, the simulation
will terminate when the system reaches the equilibrium stage in which all
the field quantities remain stable. We compare the particle quantities, such
as particle flux with and without injecting current filaments, to study the

effects of the current filaments on the particle and heat fluxes to the wall.

4.3 Simulation results

I's.o and @, are defined as the particle and heat fluxes of the species s in

the direction «, which are given as

Fw:/ dvx/ dvy/ dv,ve fs(r, v, 1),

0 - ~ (4.2)
Qs =/ dvx/ dvy/ dvz%(vﬁ+v§—|—v§)vaf8(r,v,t),

where f(r,v,t) is the particle distribution function at position r, velocity
v, and time ¢, and m, is the mass of the particle of species s. In numeri-

cal studies, these fluxes can be computed in each cell (j, k) at the location
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Figure 4.3: Total magnetic field in the simulation domain after injecting
current filaments in two cases: a) the same direction of filaments (Case 1),

b) opposite direction of filaments (Case 2).
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(X;,Ys) as follows:

N
Fs,a(j7 k) = Z vs,a,iS(Xj — Xs,iy Y}c - YS,i)7
i=1
.o (4.3)
Qs,a (]7 k) = Z 78(%25,1' + U;i + Uz,i)vs,a,iS(Xj — Xg,is Y — YS,i)7

i=1
where S(x,y) is the area weighting function proposed in Chapter [2[ and Nj
is the number of simulated particles of the species s [49]. The normalized
particle flux [, at z = 0 is fixed to be constant with time and has the same
value for electrons and ions, which is given by

P (y) = Do exp {—w] | (4.4)

~

I';(y) has a strong peak value at the mid region where y = L,/2. The
values of T only affect the amount of particle fluxes entering the simulation
box. They do not affect the direction of particle flow or impact of the current
filaments in the simulation domain. Therefore, in this simulation, we adopted
Iy = 1.0 for simplicity. Figure shows the particle density in the simulation
box. Without the injection of current filaments, because of no magnetic
B, component, the particles bombard straightly to the target (see Fig. {4.4
a) for electron density and Fig. d) for ion density). When the current
filaments are added into the simulation, the magnetic structure changes. In
magnetized plasma, particles move along the magnetic field lines with a gyro
motion. The magnetic structure in the two cases of injection is different,
resulting in different plasma flow in these two cases. Consider the first case
when current filaments with the same direction are injected. In this case, as
displayed in Fig. a), most of the magnetic field lines bend in the same
direction toward the target. Starting from x = 0, the magnetic field line
in this case is convergent toward the current location. Therefore, once the
plasma enters the simulation domain from the left boundary, particles move
along these bending magnetic field lines. The flow of plasma in the simulation
box is downward and tightened as the structure of the magnetic field, which

is shown in Figs. b) and e) for electron and ion densities, respectively.

52



w/o. Case 1 Case 2

0.03 1020
a) b) c)
— 0.02 @
E )
>0.01 o
[
0.00+ 10°
0.03 1020
— 0.02 —
= TE
>0.01 —
o
109

0.0Q+ : : : : — : - -
8.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
x [m] x [m] x [m]

Figure 4.4: Particle densities at the equilibrium state with and without in-
jecting current filaments. Figures a), b), and c¢) show the electron density,
whereas Figs. d), e), and f) show the ion density. The flow of the parti-
cle transport depends on the magnetic field structure generated by current
filaments. A sharpened profile is obtained by using the same direction of
filaments (Case 1). The opposite direction of current filaments broadens the

particle flow in the simulation (Case 2).

33



Electrons have smaller Larmor radius, and most of the electron transport
follows the magnetic field line. In the collisionless case, electrons barely
move from one magnetic field line to another. As a result of this limitation,
none of the electrons penetrate in the upward direction (white color in the
Fig. 4.4/ b)). An ion has much higher Larmor radius than an electron. Once
it makes the gyro motion, the ion can move with a large displacement in
the y direction. Because of the magnetic mirrors formed between current
filaments, low-parallel-velocity ions are kept in the simulation domain; only
particles having high parallel velocity can quit the mirror to reach the target.
For the energy conservation, the low-parallel-velocity particles might have
high perpendicular velocity. When the perpendicular velocity of the ion is
sufficiently large to cancel the magnetic mirror effects, the ion can quit the
main plasma flow and jump into the whole simulation domain while making
a circular orbit. The number of particles which can escape the main stream
is smaller than the number of particles remaining in the main stream. The
electrostatic interaction with electrons along the magnetic field lines causes
the asymmetry in the ion figure. This process is also captured in Fig. e).

When the opposite direction of current filaments is used, as in Case 2,
the magnetic field lines are divergent from the source to the middle region.
Therefore, the flow of plasma toward the wall is expanded inside the simula-
tion region based on the magnetic field line, as shown in Figs. c) and f).
This expansion near the source region helps to expand the strong localized
fluxes entering the simulation box, and relaxes the particle fluxes toward the
wall. This can help to decrease the number of particles reaching the target or
reduce the burden of the strong localized flux toward the target. Even though
in front of the target the magnetic field line is convergent toward the target,
the particle density is still reduced in this case because most of particles are
trapped by the magnetic mirror effects, and the plasma flow is expanded. In
both, injecting the current changes the particle flow in the simulation box
and reduces the number of particles reaching the target. Therefore, the par-

ticle flux to the target is affected by the injection of the current filaments

Figures a), b), and show the fluxes of electrons, ions, and
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(a) Electron flux at the wall target
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Figure 4.5: Electron, and ion fluxes at the wall target. Injecting the current
filaments reduces the particle flux in the = direction while changing the flux

in the y direction.
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Figure 4.6: Total particle fluxes at the wall target. The total flux to the wall
is reduced by using the current filaments. Using the opposite direction of

filaments (Case 2) can expand the flux along the target.



total particles along the wall target, respectively. Without injecting current
filaments, the localized flux enters the simulation domain straightly. At the
end target, the particle flux still remains in the localized shape. The high
peak of particle flux is reduced by injecting the current filaments into the
simulation domain. Because the particles are trapped inside the simulation
domain, rather than reaching the wall, the particle flux at the target is de-
creased in the case of injection of current filaments compared with when no
current filaments are injected. The peak value of particle flux is reduced
nearly by half in the presence of current filaments. Current filaments change
the direction of the plasma flow in the simulation box, and the center of the
particle flux at the target is shifted compared with the case without injection
of current filaments The magnetic field in the y direction B, is generated by
injecting the current filaments. A movement of particles in the y direction
occurs. Consequently, the flux in the y direction, in other words I'y, is not
zero, as in the middle figures of Figs. a), b), and when comparing
the cases with and without injection of current filaments. This flux I'y is
higher in Case 1, and mostly is positive because the magnetic field B, in this
case has the same positive direction in front of the target. In Case 2, B, near
the wall has the opposite direction from the middle line y = L, /2. The flux
in the y direction has opposite direction from the middle line. Even though
injecting the current filaments reduces the particle fluxes in the x direction
and produces a flux in the y direction, the total particle flux at the target
/T2 + T2 is still reduced in both cases under consideration.

A similar behavior is obtained for the heat flux profile, as displayed in
Fig. 4.7l The injection of current filaments reduces the high peak of the heat
fluxes at the target. Using current filaments with the same direction produces
larger heat fluxes in the y direction and sharpens the localized distribution
of the fluxes. meanwhile, current filaments with opposite direction expand
the fluxes along the target to reduce the peak burden for the materials.
Therefore, to reduce the high peak fluxes to the target, injecting current
filaments in the same direction into the system can be applied. For both
flux reduction and expansion, using filaments with opposite direction is a

better choice. The injection of current filaments can be implemented in
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Figure 4.7: Total heat flux at the target. This is reduced by injecting current
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direction expands the fluxes to a wider area along the wall.
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(a) Different current strengths
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(b) Different number of current filaments
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Figure 4.8: Comparison of total particle fluxes at the wall target using dif-

ferent current strengths and different numbers of current filaments. The

strength and number of current filaments affect the reduction of particle flux

at the targets.
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the experiment, for example, based on the idea of using lower hybrid waves
(LHWs) [55]. In the EAST, the LHW system is installed at the low field side
midplane, which can produce the same direction of current filaments. For
the case of opposite direction of filaments, a special treatment is required to
change the direction of filaments when performing the experiments.

The magnetic field generated by the current filaments depends not only
on their direction but also on their strength and number. Figures a)
and b) show the particle fluxes at the target using different current strengths
and different numbers of current filaments, respectively. The opposite direc-
tion of the current filaments is used in this comparison. A stronger current
is applied and a higher reduction of the peak fluxes at the targets is ob-
tained. This reduction comes from the wider expansion along the target for
the stronger current strength, resulting in a higher discrepancy of fluxes in
the y direction. Similarly, increasing the number of injected current filaments
is proportional to a reduction in the particle flux at the target. A greater
number of injected current filaments generates a larger number of magnetic
islands in the simulation domain. By increasing the number of filaments,
the particles become trapped in the simulation domain, rather than moving
toward the wall target. Overall, the reduction and expansion of the particle
flux at the target depends on the strength and number of the current fila-
ments. Depending on the shape of the devices, values of particle flux, and
magnetic configuration, the strength and number of current filaments should
be considered to obtain high efficiency in the particle flux reduction to the
targets in the experiments. Because of the magnetic configuration gener-
ated by the injecting current filaments, the particles are trapped mostly in
the region from the source to the first current filament location. To study
how the length of the simulation box affects the particle flux, we attempt
to expand the simulation box in the z and/or y directions maintaining the
same locations of current filament to the wall. Again, the opposite direction
of twelve current filaments is used. The flux at x = 0 is equal through all
of the test lengths. Figure [4.9] shows the particle densities with and with-
out injecting the current filament with using different system lengths. From

the original case where L, = L, = 0.03m, we expand the simulation box
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Figure 4.9: Electron and ion densities with different system lengths in both

cases, with and without using current filaments.
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a) Particle flux at the target
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b) Heat flux at the target
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Figure 4.10: Particle and heat fluxes at the target with different system

lengths with and without current filaments.
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into three other cases as follows: a) expand the x direction to L, = 0.05m
L, =0.03m, b) expand only the y direction to L, = 0.03m L, = 0.05m, and
c¢) expand both = and y directions to L, = 0.05m L, = 0.05m. We compare
the particle fluxes at the target as shown in Fig. [4.10] We find that by the
same amount of the flux at the source, the plasma in the system with larger
length in the x direction has lower flux at the target. This occurs mainly
because the distance from the source to the wall is longer, and the particle
flow near the target becomes smaller. Expanding the simulation box in the y
direction does not affect to the distribution of the particle in the simulation.
Therefore, the boundary in the y direction does not influence the flow of the
localized flux to the target. In all these length expansions, the injection of
current filaments still work well for reducing the strongly localized flux at

the target.

4.4 Summary and discussion

The effects of injecting current filaments on particle and heat fluxes are stud-
ied using the 2D3V PIC simulation. We model a simple situation, assuming
that particles are entering the simulation domain at = 0 and are fully
absorbed at the wall. The particles are injected from the left side with lo-
calized fluxes, which are equal for ions and electrons and are constant with
time. It is concluded that current filaments change the magnetic structure in
the system, and then influence the particle transport toward the target. Be-
cause of the magnetic mirror formed between current filaments, the particles
are reflected back into the source region instead of reaching the wall target.
Therefore, injecting current filaments can help to decrease the number of
particles reaching the wall and reduce the high particle and heat fluxes to
the wall. The reduction and expansion of the particle flux by injecting the
current filaments depend on the strength and number of current filaments.
Deeper reduction and larger expansion of the particle flux can be obtained by
changing the strength and number of current filaments. To perform real ex-

periments, different strengths and numbers of current filaments will be used,

63



based on the wall boundary conditions or system input parameters. Using
current filaments with the same direction reduces the peak of the fluxes at
the wall, whereas the localized fluxes are sharpened. Using current filaments
with opposite direction, as proposed in this work, high peak fluxes to the wall
can be reduced and these localized fluxes can be expanded along the targets.
In summary, the injection of current filaments is a good option to reduce
the high heat fluxes to the target. This method can be applied for shield-
ing satellites or spacecraft from high energy particles. Table presents the
some of the advantages and disadvantages of our proposed method and other
methods for reducing particle fluxes to the target [39, 56, 57, 58, 59 B3]. Ex-
cept for divertor biasing, where only one species of fluxes is reduced while
the other is increasing, most of the methods are acceptable techniques for
high heat flux reduction. However, each technique has its own issues in re-
lation to the experimental work. Based on the configuration and design of
each device, different methods for heat flux reduction might be used to avoid

technical challenges or physical issues.
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Chapter 5

Potential formation with 2D

magnetic field

5.1 Introduction

In magnetically confined plasma, particles move along the field line with a
circular gyro motion. The magnetic field affects the particle orbit, and then
changes the transport of particles. Usually, the magnetic field lines in the
edge of the fusion plasma are opened. Because electrons have higher thermal
velocities and are lighter than ions, the losses of both particles in the open
field line are not balanced. Based on this difference of particle transport,
an electrical potential is formed in the edge region. In a large aspect ratio
limit, particles drift off the flux surface because of the effect of the toroidally
induced VB and curvature drifts [28]. The neoclassical effect, which is the
classical transport including the effects of toroidal geometry, increases plasma
transport coefficients. Grad-B drift coming from the toroidicity is one of
the key factors that affect particle transport in cases where no anomalous
transport and turbulence effects are considered. Because the grad-B drift is
in the opposite direction for electrons and ions, it is considered one of the
candidates to break down the symmetric behavior of the particle transport
in the presence of a symmetric magnetic field. The fluid description has been

widely used to study the particle transport. However, the fluid model does
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Figure 5.1: Simulation domain. Part a) shows the torus geometry for the

toroidal limiter, whereas b) displays the slab geometry used in the simulation.

not include the drift effects. The effect of gyro motion and drift cannot be
obtained by using the fluid model.

This chapter shows how the Larmor radius and aspect ratio affect the
symmetry of the potential in the edge region using PIC simulation. Because
PIC simulation uses the fully kinetic description, the drifts affecting the
particle motion such as E x B and B x VB, and the particle gyro motion
can be computed with high accuracy. We model a flow of plasma consisting
of ions and electrons in the edge region by a 2D3V PIC simulation. We adjust
the Larmor radius by changing its temperature and modify the inverse aspect
ratio to alter the drift effects.

5.2 Simulation model

The basic model consists of a single, flat-sided toroidal ring limiter plasma.
We consider a small region inside and outside the Last Closed Flux Sur-
face (LCFS). In the scrape-off layer (SOL) region, the magnetic field line is
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opened. For simplicity, the SOL has been straightened out; the torus geom-
etry is transferred to a two-dimensional slab geometry, as shown in Fig. [5.1

Figure a) shows the torus geometry we want to study, while Fig. b)
displays the transferred slab geometry of the torus that is used in this work.
The simulation domain has a small size, L, = 0.06 m, including L,, = 0.03 m,
which is the length of the limiter, and L, = 1.0m in the y direction. We
assume that the limiter is connected to the ground and the electric potential
at * = L, is zero. The electric potential at x = 0 is assumed to satisfy
floating potential conditions. Particles are fully absorbed at the limiter and
at the end boundary, x = L,. Inside the LCFS where z < L,,, a periodic
boundary condition is used at the two boundaries in the y direction, in which
the new position of a particle, which is out of the simulation domain at time
t, is computed as y’.,, = y',y — Ly, for y* > L, or yt.., =y, + L, for y* < 0.
Ions and electrons with real mass ratio m;/m,. = 1836 are included in this
simulation. The collision of charged particles is approximated by the Monte
Carlo method. We consider the Coulomb collision between ion—ion, electron—
electron and electron—ion. The Coulomb collision is treated as a successive
binary collision using Nanbu’s theory of Coulomb collisions [60]. The radial,
poloidal, and toroidal magnetic fields (B,, By, By) in a torus correspond
to B, By, B, in the two-dimensional slab geometry, respectively. Conse-
quently, an approximation with a torus configuration for the poloidal and
toroidal magnetic fields in the simulation system can be written as follows:

rB, Byya

B = — == s
’ ROQS Y 2+ Q(MT_M)z

(5.1)
— 2y 2

By = By,(1 —€ecosb) — B, = By, 1_a:+a v cos( 7Ty) ,
Ry L

Y

where ¢, is the safety factor adopted as ¢s = 2. a = 0.2m and Ry = 1.0m
are the minor and major radii of the torus, € = a/Ry is the inverse aspect
ratio, By, = By, = 1.0T is the applied magnetic field, and z,, = L, — L,
respectively. We do not consider the magnetic field in the z direction in this
simulation (i.e., B, =0 T). This magnetic field is depicted in Fig. [5.2] The
poloidal magnetic field B, depends on x only. The toroidal magnetic field

is symmetric in the y direction from the mid line y = L, /2. In a torus, the
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Figure 5.2: Poloidal and toroidal magnetic fields in the simulation domain.
This profile of the magnetic field includes the curvature drift and toroidal
gradient. B, is dependent only on the x position, whereas B, is symmetric

in the y direction from the mid-line y = L, /2.

field includes the toroidal effects. The toroidal magnetic field varies as 1/R
because of the toroidicity. The toroidal magnetic field is strong inside the
torus and weak outside. For the slab model, the magnetic field B,, then, is
high in the middle region and low near the limiters. Even though the values
of all input parameters are not as exact as in any real devices, this profile
of the magnetic field includes a toroidal gradient and curvature drift similar
to the torus geometry. Therefore, the acquired physics behaviors of particles
from this small simulation system can illustrate the basic physics behaviors
in the torus configuration.

At an initial stage, the particle density n, and temperature kT, of species

s are given as the exponential function in the z direction and uniformly in
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the y direction. They are given as:

T — Ty
ns(x) = M LCFS €XP (_ \ )7
" (5.2)

T — Ty
kTs(x) = kT ors exp (— o ),

where A\, = 0.02m, \y7 = 0.03m are the scale lengths of the density and
temperature profiles, and n, crs, k75 Lcrs are the particle density and tem-
perature of species s at the LCFS, respectively. The initial velocity of the
particles follows a fully Maxwellian distribution function driven from the
initial temperature. We adopted nspcrs = 4 X 107 m™3 for both ions and
electrons through all the simulations in this work. For charge neutrality,
we fix the total number of particles to be always constant in time. To do
that, the reflection and injection conditions are applied for particles quit-
ting the simulation box, except for those exiting at the periodic boundary
inside the LCFS. If a particle is emitted (i.e., < 0), it will be reflected
back into the simulation domain. When a particle is absorbed at the limiters
or end boundary, a new particle is injected randomly into the region inside
the LCFS, using the thermal velocity function based on the initial temper-
ature. Because the plasma has a high density and temperature inside the
LCFS and is low on the outside, the plasma slowly diffuses across the LCFS
and deposits on the limiter surface, owing to the high parallel transport.
Toroidal drifts and collision between charged particles with a random walk
result in the perpendicular transport of particles in the straight magnetic
field lines. The displacement associated with Coulomb collision is in the or-
der of a Larmor radius r, = mwv, /|q|B. Because electrons and ions have
different masses and velocities, their movements are different. The electric
field is self-consistently induced and the potential is formed. The next section
discusses how the grad-B drift and the Larmor radius affect the perpendicu-
lar transport of a particle. The drift and Larmor radius change the particle

transport, and then change the symmetry of the potential.
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Figure 5.3: a) Electron and b) ion densities near z = 0 with different values
of the major radius. The asymmetry of densities occurs when the major

radius is small.
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5.3 Simulation results

In this work, the magnetic field, initial temperatures and densities of particles
are symmetric in the y direction from the mid-line y = L, /2. Because the
magnetic field B, is stronger in the middle region and weaker near the limiter,
the gradient of |B| has an opposite direction to the mid-line y = L,/2.
Therefore, the direction of drift velocity for each species is opposite to the
mid-line. To study the effects of this drift, different values of the major
radius Ry are used, while the minor radius remains unchanged (a = 0.2
m). These values of Ry are adjusted such that the toroidal magnetic field is
computed from Eq. [5.1] and are changed from the strong toroidal gradient to
being approximately constant. When Ry is small, the inverse aspect ratio is
large, and the magnetic field has a strong toroidal gradient. In contrast, the
magnetic field is nearly constant when the inverse aspect ratio is sufficiently
small. In this case, the grad-B drift can be neglected. The toroidal gradient
of the magnetic field is then dependent on the inverse aspect ratio.

The effects of B x VB drift on particle motion can be captured in the
PIC simulation, as displayed in Fig. [5.3] The defined lower region extends
from 0 to L,/2 and the upper one from L,/2 to L,. Owing to the grad-
B drift, electron and ion transports have opposite directions. In the lower
region, where VB has upward direction, ions have a tendency to move to
the LCFS while electrons tend to enter the plasma core. Therefore, as can
be observed in the bottom region of Fig. [5.3) near z = 0, the electron
density is higher than the ion density. In contrast, in the upper region,
where the VB has a downward direction, ions are forced to come to the
plasma core, while electrons move into the LCFS. The ion density near x = 0
is higher than the electron density. The transaction in the upper region is
opposite to that of the lower region. This movement is similar to that in
the torus, in which because of the toroidal drift, ions will move upward and
electrons will move downward in the (R, ®,Z) coordinates of Fig. a).
The strength of grad-B drift depends on the value of B x VB. When the
major radius is large, the gradient of the magnetic field is almost zero. The

grad-B drift effect is extremely small, resulting in an invisible difference of
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Figure 5.4: Potential profile formed in the simulation. In the large aspect
ratio, the potential is symmetric from the mid-line y = L,/2. The low

aspect ratio breaks the symmetric structure and causes the asymmetry of
the potential from the mid-line.
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particle densities between the upper and lower region. When the major
radius is small (e.g., Ry = 0.5m), the strong grad-B drift acting on each
species leads to a clearer difference of particle densities between these two
regions. Consequently, with a reduction of the major radius, the opposite
transaction of each species in the upper and lower region becomes stronger.
Because the distributions of electron and ion densities are changed, based on
the grad-B drift, as computed by Eq. [2.5] the potential profile is different in
the lower and upper regions.

Figure[5.4]displays the electrical potential profile in the simulation domain
with different values of the inverse aspect ratio. In the case of a small inverse
aspect ratio, the grad-B drift is almost zero for each species. The movements
of particles in the upper and lower region are nearly familiar. Therefore,
the potential is nearly symmetric in the y direction from the mid-line. In
other words, when a smaller major radius is used, a greater value of the
inverse aspect ratio is added, and the toroidicity of magnetic field B, is
stronger. Particle densities in the upper and lower regions are very different.
In comparison with ion density, electron density is greater in the lower region
but lower in the upper region, and the Laplacian of the potential profile has
an opposite sign between these two regions. As a result, the potential profile
is asymmetric in the y direction from the mid-line in the strong magnetic
field gradient. Consequently, the symmetry or asymmetry of the potential
profile depends on the VB drift or the inverse aspect ratio. A greater value
of the inverse aspect ratio breaks down the symmetry of the potential profile.
Studying the symmetric torus configuration where the magnetic field is also
symmetric from the mid-line, we obtain that the asymmetry of the potential
profile comes from the grad-B drift. This is one of the advantages of PIC
simulation, rather than a fluid model, when considering the drift effects. This
result shows a clear relationship between toroidicity and asymmetry in the
torus. The higher the toroidicity in the torus, the clearer is the asymmetry
of the electrical potential.

In the straight magnetic field line system, transport of magnetized parti-
cles perpendicular to the magnetic field line is almost zero in the case with no

collision and there are no drift effects. In this case, increasing particle tem-
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peratures does not cause any significant effects in perpendicular transport,
in other words, in the radial direction. When a collision between charged
particles occurs, they are scattered in a random direction. The perpendic-
ular transport, thereafter, may increase. It has been found that the shifted
distance of the particles on the average of the guiding center is comparable
to a gyro radius. In other words, the displacement of the particles after col-
lision is in the order of the Larmor radius. The Larmor radius is one of the
impacts affecting perpendicular transport of particles in the absence of a ra-
dial magnetic field. The Larmor radius affects losses of particles in the radial
transport, and then changes the formation of the potential in the simulation.
By changing the Larmor radius, the responded particle fluxes and potential
formation are reflected. The same simulation domain and boundary condi-
tions in the previous section are used here. To avoid the strong effects of
grad-B drift in the simulation, the major radius is assumed to be extremely
large, Ry = 10.0m. The grad-B drift is extremely small in the simulation
domain. The Larmor radius is adjusted by changing initial temperatures of
particles (i.e., changing kT1crs = kTp in Eq. .

Based on the above assumptions, all the field quantities are also symmet-
ric in the y direction from the mid-line. Therefore, it is reasonable to take
one-dimensional average values for particle flux along the y direction from
y = 0.1 to 0.9 m, to study the effects of the Larmor radius on the perpendicu-
lar transport. The regions near the limiter have not been taken into account,
to avoid the sheath potential effect in which the field quantities in these
regions are different from those in other regions. Three different cases are
considered: 1) changing only the electron initial temperature while keeping
the same ion initial temperature, 2) changing the ion initial temperature and
keeping the same electron initial temperature, and 3) changing both the elec-
tron and ion initial temperatures simultaneously. Figure [5.5| illustrates the
electron and ion fluxes in the x direction with different initial temperatures.
In the case of changing only the electron temperature and maintaining the
same ion temperature, the electron radial flux increases with the increase in
initial temperatures, as shown in Fig. a). A similar behavior is observed

for the ion flux in the case of changing ion temperatures while maintaining
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Figure 5.6: Potential profile when the initial temperature of electrons and
ions are changed. The potential is symmetric in the simulation domain and
has a deeper negative value near x = 0 when the higher initial temperature
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the initial electron temperature. The ion radial flux increases when the ion
initial temperature rises, as shown in Fig. b). In the case of adjusting
both the electron and ion initial temperatures simultaneously, the electron
and ion Larmor radii change. The radial flux of the electrons and ions in-
creases as the initial temperature rises as shown in Figs. c) and d). In all
three cases, if the particles have a larger Larmor radius, the perpendicular
transport or the radial flux increases. The radial flux to the LCF'S is propor-
tional to the initial temperatures. Particles with high thermal velocity have
a larger Larmor radius. Owing to the relationship between Coulomb collision
and Larmor radius, a longer displacement in the perpendicular transport can
be obtained with a larger Larmor radius. Larger Larmor radius changes the
losses of electrons and ions across the LCFS and increases the radial transport
in the simulation domain. The increase in radial particle transport affects
the formation of the potential profile. The potential profile in the simulation
domain using different initial temperatures k7T1crs is displayed in Fig.
The case of changing both the electron and ion initial temperatures simulta-
neously is depicted in this figure. The same behavior of potential formation is
obtained in the case of changing the initial temperature of only one species.
Therefore, it will not be displayed again. Because of the extremely small
grad-B drift, the electrical potential is symmetric in the simulation domain
via the mid-line y = L,/2. As the radial fluxes toward the LCFS increase,
the electrical potential near x = 0 acquires a deeper negative value.

In all the above simulations, outside the LCFS where the magnetic field
is opened, the potential near the limiter is higher than that in the middle
region. This result is related with the injection conditions of the particle
in the simulation. In the course of time, particles move along the straight
magnetic field lines, and are lost at the limiters. Once a particle is lost, a new
particle is injected in the closed magnetic field region in z < z,,. Because
of their unbalanced mass and thermal velocities, the number of electrons
lost at the limiter is larger than that of ions. Therefore, electrons dominate
in the newly injected particles in each time step. Because an electron has
a negative charge, the charge densities in the closed magnetic field region

becomes negative. The potential in this region might be negative or close
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to zero. At several time intervals from the initial stage, the number of lost
electrons is greater than that of ions, and might be nearly equal once the
simulation reaches the equilibrium stage. Therefore, the number of electrons
remaining near the limiter is smaller than the number of remaining ions,
whereas there are more electrons than ions in the closed magnetic field region
and the middle region. Accordingly, the charge density near the limiter
becomes positive. The potential profile has an open downward parabola curve
because the Laplacian of the potential should be negative. The potential near
the limiter therefore is higher than in the middle region in the open magnetic

field region.

5.4 Summary and discussion

A small region inside and outside the LCFS has been considered to study the
potential formation in a two dimensional magnetic field configuration, using
a 2D3V PIC model. A 2D slab geometry is used to model the torus configu-
ration. The magnetic field used in this slab simulation contains the curvature
and toroidal gradient, which are symmetrical in the poloidal direction about
the limiter. We use the PIC simulation because it can deal explicitly with the
magnetic drifts and compute exactly the particle orbit to study the effects of
grad-B drift and finite-size Larmor motion on the potential formation. The
asymmetry of the potential profile has been found to be dependent on the
toroidicity of the torus. A higher inverse aspect ratio increases the toroidicity
of the magnetic field, and then, reinforces the grad-B drift in the simulation
domain. Because the direction of grad-B drift for each species is opposite in
the two regions separated by the middle line y = L, /2, the particle motions
in these regions are in contrast to each other. Subsequently, the symmetry
of the potential profile breaks down with a large inverse aspect ratio. The
potential profile is asymmetric when the plasma is under a strong influence
of grad-B drift. The relationship between the Larmor radius and potential
formation is also obtained in this study. In the case of straight magnetic

field lines and negligible grad-B drift, the perpendicular transport of parti-
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cles depends on collision. The particle after collision is shifted with a distance
comparable to the Larmor radius. The number of lost particles at the LCFS
increases for larger Larmor radius. The significant particle loss enhances the
radial transport and forms a deeper negative potential at the closed mag-
netic field line region. PIC simulation is a more useful model to capture all
of these relations than other numerical models. In this PIC model, the radial
magnetic field can be added to create magnetic islands. We will study the
relationship between potential formation and magnetic islands in the next

chapter.
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Chapter 6

Potential formation with 3D

magnetic field

6.1 Magnetic island in the slab geometry

Extending from the study on the two-dimensional (2D) magnetic field in the
previous chapter, here, we concentrate on the effects of the three-dimensional
(3D) magnetic field or magnetic island. We still use the transferred slab ge-
ometry of the torus. The simulation region and boundary conditions are the
same as in the simulation used in the previous chapter to study of the 2D
magnetic field. Then, the toroidal magnetic field has the same function as
that described in Chapter The strong toroidicity of the torus has been
taken into account. We use the major radius Ry = 1.0m in this chapter. The
initial profiles for the density and temperature of the electrons and ions are
assumed to follow the exponential profile proposed in Chapter [5} The main
difference in this Chapter is that we attempt to perform the magnetic island
in the slab geometry system by adding the radial magnetic field. Transferring
the magnetic island in the slab geometry, which is exactly as the magnetic
island in the torus, is very complicated. To create the magnetic island in
the simulation study, we follow the idea of injecting current filaments, as
discussed in Chapter [ This will not give exactly the same magnetic island

configurations as those in the torus but can help us to understand the ba-
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Figure 6.1: Poloidal magnetic field after injecting current filaments. Different
numbers of magnetic islands are used in the simulation to study the potential

formation.

sic principles of the relationship between potential formation and magnetic
island. The current filament is injected in a direction perpendicular to the
simulation plane (i.e., the z direction) to generate the radial and poloidal
magnetic fields. The total poloidal magnetic field in the system will be the
sum of the poloidal magnetic field presented in Chapter [5] and the magnetic
field generated by the current filaments proposed in this Chapter. The num-
ber and location of magnetic islands can be adjusted based on the number
and location of current filaments. Figure[6.1]shows an example of the poloidal

magnetic field after adding Neyrene = 0, 1, 2, 3 filaments into the simulation.
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Figure 6.2: Electron radial flux with different numbers of islands.

The main reason for choosing these locations of current filaments rather than
other position is the symmetric system in the poloidal direction about the
limiter. The magnetic island is created in the closed magnetic field region
rather than in the SOR region. We compare the field quantities with and
without injecting current filaments to study how the particle transport will

be changed in the presence of the magnetic island.
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Figure 6.3: Ion radial flux with different numbers of islands.

6.2 Effects of magnetic island on particle trans-

port and potential formation

The current filaments change the magnetic field in the radial and poloidal
directions, and therefore, they mainly affect the particle flux in these direc-
tions. The magnetic field generated from the current filaments is computed

by using the Biot—Savart law, given as

5_ fol ol
2rr - 2my/(x — 22 + (y — w)?

where pg = 47 x 107" Tm/A is the permeability of free space, I (kA) is

(6.1)

the strength of the current, and z; and y; are the locations of the current
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Figure 6.4: Convection terms in the x direction for the electron when using

three current filaments.

filaments in the x and y directions, respectively. We inject the current in the
edge region rather than in the SOL region for creating the magnetic island.
At the beginning, we inject the same current strength I = 1kA for all of
the filaments. The radial magnetic field, except near the injected current
locations, is much smaller than the poloidal magnetic field. In comparison
with the case of no magnetic island, the magnetic field structure mainly differs
near the locations of the current filaments. In other regions, the magnetic
structure is quite similar. As a result, the particle transport and particle flux
are mainly changed in the region near the current locations compared to the
case of without magnetic island. We compare the particle fluxes and densities
with and without magnetic island based on the number and locations of the
current filaments in Fig. [6.1] Figures[6.2] and [6.3] show the electron and ion

radial fluxes in the presence of a magnetic island, respectively. In the case
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Figure 6.5: Convection terms in the x direction for the ion when using three

current filaments.
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Figure 6.6: Fluctuation of electron density in the simulation domain.

of no magnetic island, the magnetic field line is straight in the y direction
and there is no magnetic field in the radial direction. The radial transport,
therefore, mainly comes from the particle diffusion and drift effects. Near
x = 0, the particle profile has a strong gradient of density and temperature,
then the radial flux around this region might be stronger than that in the
SOL region. Once the current filament is added, the radial magnetic field
appears. The radial magnetic field changes the radial flux. The direction of
the radial particle flux is the same as the direction of the radial magnetic field.
Once the radial magnetic field is negative, the particles have the tendency
to move to the core region, whereas a positive B, accelerates the particle

motion. Electrons and ions show a similar influence on the flux while the
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Figure 6.7: Ton density fluctuation in the simulation region.

current filaments are injected. The figure for the ion is more obvious than
that for the electron. This arises comes from the much larger Larmor radius
of ions than that of electrons. An electron has a much smaller Larmor radius,
and hence it can move smoothly through the magnetic island. To clarify the
effect of the magnetic field on the transport of each species separately, the
convection terms for the electron are proposed in Figs. and Three
injected current filaments are considered in these two figures. The convection
term for the electric field, the ¢F term, has the opposite direction for the
electrons and ions. The VP term shows the diffusion effect in the simulation
domain. The strong VP term arises in the region where the gradient of the

density and temperature is strong. From these two figures, we found that
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Figure 6.8: Potential formation in the presence of magnetic islands.

the v x B term near the magnetic island is more obvious for the ion than
the electron. This occurs because ions are more sensitive to the change of
the magnetic field than the electron due to the large Larmor radius.

Based on the different particle fluxes in the existence of the magnetic
island, there is a possibility for the particle to be trapped in the magnetic

island. Verifying the fluctuation of particle densities n given as

- : (6.2)

it was found that particle densities also change in the magnetic island region,
in a similar way to the flux. The fluctuations of electron and ion densities
are displayed in Figs. and Ton and electron densities change in
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comparison with the no island case. As they are affected by the particle
flux, particles relocate their positions; the particle density changes by the
magnetic island. Because the particle flux and density change, the potential
is responsibly changed as depicted Fig. [6.8] As shown in Fig. [6.8] the potential
profile is differently formed in the simulation box. The potential profile is
changed near the location of the current filaments The radial transport is
changed, and the potential obtains deeper negative values near the current
locations. The changes in potential profile depend on the number of magnetic

islands.

6.3 Magnetic island width

The size of the magnetic island is changed by adjusting the strength of the
current filament. A greater island width occurs when the injected current
filament has strong intensity. When the strength of the current filaments is
weak, the magnetic island is formed in a smaller region. Once the current
strength is close to zero, there is almost no island is created in the system.
We inject different current strengths, such as I = 0.1, 0.5, and 1.0 kA, so
that the total poloidal magnetic field is given as in Fig. Three magnetic
islands are under consideration. With I = 1 kA, the range of magnetic field
change is larger than that of the case I = 0.5 kA, or smaller.

By comparing the radial flux of the particles, we discovered that the
current strength or the magnetic island size alters the affected region of the
particle fluxes near the magnetic island (as shown in Figs. and .
A weaker current filament does not cause huge impacts on the particle flux
because the radial magnetic field is approximately zero in this case. The
maximum value of the particle fluxes increases as the island width increases.
The gap between positive and negative flux in the magnetic island location
becomes greater. A tendency similar to that of the poloidal flux is obtained
using different current strengths. Owing to the direction of the magnetic
field generated by the current filament, the radial flux changes its direction

between the top and bottom, whereas the poloidal flux changes direction at
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Figure 6.9: Poloidal magnetic field while changing the strength of the current

filament.
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Figure 6.10: Electron radial flux with different current strengths.
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Figure 6.11: Ton radial flux with different current strengths.
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Figure 6.12: Electron poloidal flux with different current strengths.
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Figure 6.13: Ion poloidal flux with different current strengths.
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Figure 6.14: Potential formation in the presence of magnetic islands.
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the left-side and right-side of the filaments locations. The potential profile
clearly reflects this tendency. As plotted in Fig. the stronger difference
in the potential profile comes from the wider size of the magnetic island. As
explained in theory works, the magnetic island changes the divergence of the
radial and poloidal magnetic field near the island location. The magnetic
island changes the particle transport, maintains the particles in the islands,
and then changes their fluxes in both the radial and poloidal directions. The

changes in the particle flux affect the formation of the potential.

6.4 Stochastic field and potential formation

A complex phenomenon in the edge plasma region is the existence of the
stochastic field. The stochastic field is created to control the instabilities in
the edge region. Many experiment works have been performed to study the
effects of the stochastic field on particle transport [8, 61, 62]. It has been indi-
cated that the self-consistent radial electric field is one of the essential factors
to understand the self-consistent RMP penetration physics [61]. We studied
the effects of the stochastic field on the self-consistent potential formation in
edge plasma in the numerical simulation. Thanks to the advantages of PIC
simulation, the radial electric field or the potential profile is self-consistently
computed in the PIC model. The stochastic field occurs when the magnetic
islands overlap. The right hand side figure in Fig. shows an example of
magnetic overlap for generating the stochastic field in the simulation. Rather
than performing any complex and complicated stochastic field system as in
the real tokamak device, our work focuses on a simple model of the stochas-
tic field. This simple model helps to understand the fundamental principles
of how the plasma behaves when magnetic islands overlap. Understanding
these basic properties helps explain the complicated plasma behaviors in re-
alistic devices. Considering the simulation where the stochastic field is as
shown in Fig. [6.15] when overlapping of the magnetic island takes place,
particles can move from one stochastic field to another if the perpendicular

velocity is stronger than any drift effects. Similar to the effect of a mag-
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Figure 6.15: Poloidal magnetic field in the cases without magnetic island,

with magnetic island, and with stochastic field.
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Figure 6.16: Comparison of potential profile in the system between the cases

without magnetic island, with magnetic island, and with stochastic field.
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netic island on particle transport, the flux and density of the particles are
strongly influenced in the presence of the stochastic field. The changes in
the particle flux are reflected in the change in the formation of the potential.
The potential profile of the simulation system is affected compared with the
case of no island, as shown in Fig. [6.16] Magnetized particles move along
the field line with gyro motion. In other words, once the stochastic field is
dense, the magnetic field line fluctuates strongly, and the particle transport
is significantly affected, leading to undesirable behaviors. Therefore, based
on the simulation results, a fundamental relationship between the stochastic

field and potential formation is proposed.

6.5 Summary and discussion

A small region inside and outside of the LCFS in the torus, which is trans-
ferred to the two dimensional slab geometry, is studied using a PIC simu-
lation. All three components in the radial, poloidal, and toroidal directions
of the magnetic field are considered. The effects of the magnetic island on
the particle transport and potential formation are mainly discussed in this
Chapter. The current filament is injected into the simulation domain to
generate magnetic islands. Although this magnetic island profile cannot ex-
press exactly the magnetic islands in real tokamak, the profile gives us a
fundamental understanding of the effect of the magnetic island on potential
formation in the edge plasma. The magnetic island traps the particles by
changing the particle fluxes in both radial and poloidal directions. Therefore,
the magnetic island changes the structure of the potential profile in the edge
plasma. The region of the affected potential profile is related to the width
of the magnetic island. A larger magnetic island traps more particles inside
the island, leading to an unbalance in particle density inside and outside of
the magnetic island. As a result, the formation of potential is changed. A
simple model of the stochastic field is also presented in this Chapter, where
the stochastic field is expressed by the overlapping of magnetic islands. The

impacts of the stochastic field on potential formation can be explained based
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on that of the magnetic island. This is the initial work for studying the
potential formation in the edge plasma using PIC simulation. Our study is
the fundamental research to understand the impact of the magnetic island
on the formation of potential. The relationship between the potential for-
mation and magnetic field is clearly showed. The effects of the magnetic
island on the particle transport in the edge may be predicted based on this
foundation. The magnetic island of the tokamak is not modelled precisely in
the 2D slab geometry when using the current filaments. A model closer to
a realistic structure is necessary to consider more quantitatively the effects
of the magnetic island on potential formation in the real tokamak. The new
model of a magnetic island is discussed in Appendix [A] This new model does
not exactly generate the magnetic island structure as that in the tokamak
yet. However, the new model is appropriate for studying how the magnetic

island affects the particle transport in a numerical study.
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Chapter 7
Conclusion and discussion

The relationship between magnetic field, particle transport, and potential
formation in the edge plasma is presented numerically in our study. To
study the self-consistent potential formation in edges plasmas, we develop
a PIC simulation code, which uses a fully kinetic description. This is a
completely new PIC code because the previous codes are not suitable for our
set-up simulation conditions and domain when considering the complicated
structures of a toroidal limiter and including the edge magnetic fields with
magnetic islands. The process of code development starts from developing
a 1D3V PIC simulation code. Then, the 2D3V PIC code is extended from
the 1D code. This code development process provides a simpler way to build
the 2D3V PIC code rather than developing 2D3V PIC code directly at the
beginning. We apply our PIC model to study the effects of the external
magnetic field on particle and heat fluxes to the wall targets. In the one
dimensional case, the external magnetic field, which is localized and switched
from strong negative values to strong positive values at several locations
in the simulation region, can control the particle and heat fluxes to the
wall. The reduction in fluxes arises from particle reflection at the locations
of the strongly localized magnetic field. The external magnetic field forms
magnetic mirrors. These magnetic mirrors trap the particles in the simulation
domain, and then reduce the particle and heat fluxes to the wall targets. We

also perform the same simulation using the 2D3V PIC model. A similar
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external magnetic field is added by injecting current filaments perpendicular
to the plasma flow. Because a strong gradient of the magnetic field occurs
near the locations of the injected current filaments, a magnetic mirror forms
in between the current filaments. The electrons and ions trapped in the
magnetic mirror change the particle and heat transport. Therefore, the high
particle and heat fluxes to the wall are reduced and transferred along the
wall by applying the current filaments. Injecting current filaments is a good
option to reduces the high heat flux to the material.

We parallelize the 2D3V PIC code to study the relationship between mag-
netic field and potential formation in the edge plasma. The parallelization
of the code is needed because PIC consumes a large amount of time and re-
quires huge computer memory when dealing with a large system. To save the
computing time and memory, we parallel the code to study the entire edge
plasma region. A small region inside and outside the LCFS is considered.
The two-dimensional slab geometry is used to model the torus configuration.
We find that the particle transport is related to the magnetic configuration.
The perpendicular transport of particles depends on the drift and collision
between charged particles. The toroidicity of the torus or the Larmor radius
of the particle changes the potential structure. We also find that the inverse
aspect ratio or the toroidicity of the torus changes the asymmetry of poten-
tial in the symmetric system, whereas the Larmor radius affects the potential
values in the closed magnetic field region. These behaviors are obviously ob-
tained using the PIC simulation, but cannot be captured using any other
fluid theory. To consider the effects of three-dimensional magnetic fields, the
radial magnetic field is added to create magnetic islands. In our work, we
add current filaments into the simulation system to form the islands. The
magnetic islands affect the particle transport to change the particle fluxes,
and then, cause differences in the formation of potential. This is the initial
work for studying the potential formation in the edge region by using a PIC
simulation. Comparison with realistic experiments, the exact configuration
of the magnetic island in the torus must be included. Then, an improvement
in the magnetic island generator in the simulation study should be carefully

considered.

103



Appendix A

Particle transport in the
magnetic island created by the

Fadeev equilibrium

Fadeev proposed a formula to make the magnetic islands [63], 64]. The mag-

netic island can be generated as

Bu(z.y) €By sin ky
z\T, = )
4 cosh kx 4+ ecos ky + « (A1)
By sin kx '
By(‘ray>

~ coshkz + ecosky + o’

where € and k are the real parametrization parameters and 0 < e < 1, « is
the phase space angle, and B, is the magnitude of the magnetic field. The
width and number of magnetic islands depend on the values of € and k. As
only the magnetic field line is considered, the Fadeev equilibrium models the
magnetic islands well with clear X-point and O-point as shown in Fig.
However, the poloidal magnetic fields B,, in the left-side and right-side of the
magnetic island have the opposite directions. This makes the Fadeev model
unrealistic as compared with the real tokamak configuration. The Fadeev
equilibrium does not exactly perform the magnetic structure in the tokamak,
but the equilibrium is a good model to study the influences of magnetic
islands on particle transport in a numerical study. We perform the magnetic

island in the 2D system bounded in the x direction and periodic in the y
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Figure A.1: Poloidal magnetic field computed from the Fadeev equilibrium.
The red and blue colors represent the positive and negative magnetic fields.

The black line indicates the magnetic field line.
direction. L, = 0.06m and L, = 1m are the lengths of the simulation box

in each direction. The potential at the two bounded boundaries x = 0 and

x = L, is assumed to be zero. The constant magnetic field B, is considered
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Figure A.2: Particle density and radial flux in the simulation.The black line
indicates the magnetic field line. Tons and electrons show similar impacts on

the magnetic island effects.
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magnetic island lengths. Ions having large Larmor radius are weakly affected

by the magnetic island.
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to avoid the drift effects. The magnetic fields B, and B, are modified from
the Fadeev formula to provide three magnetic islands at the center of the
simulation box, as displayed in Fig.

At the initial stage, the particle density and temperature are constant, are
the same for both electrons and ions, and are set as ngcrs = 10 m™ ans
kTy = 1keV. Because ions have larger Larmor radius than electrons, ions are
more sensitive to the change in the magnetic field. We mainly concentrate
on the ion transport in the magnetic island. Adopting the large magnetic
field B, = 1T, the ion Larmor radius is much smaller than the width of
the magnetic island. The ratio of ion Larmor radius to the magnetic island
width 77 ;/w is less than 0.1 in this case. The movement of the ions due to
magnetic island effects is similar to that of the electrons. As illustrated in
Fig. the density and flux of the ions show a similar tendency to those of
the electrons. At the center of the simulation box, where the magnetic field
is the smallest, the Larmor radius of particles in this region is the largest.
Once making the gyro motion, these large Larmor-radius particles can shift
to the left or right region with a large displacement. Because of the strong
magnetic field in the boundaries of the island, these particles are trapped in
this location. Therefore, the particle density in the boundaries of the island
is higher than that in the center of the magnetic island.

Fig. shows the ion density when different ratios of ion Larmor radius
to magnetic island width are considered. Ions having larger Larmor radius
might escape from the magnetic island when composing the circular motion.
The magnetic island cannot be effective when trapping the large Larmor-
radius particles. Therefore, the ions having large Larmor radius are weakly

affected by the magnetic island.
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